Some complexes of Cr(III) and Cr(0) have long been known to exhibit interesting photophysical and photochemical properties, but in the past few years important conceptual progress was made. This 
Introduction
Luminescence has been observed from materials with chromium in different oxidation states, but Cr(III) is clearly the most important species in this regard. For coordination geometries that can be approximated as octahedral, the Tanabe-Sugano diagram for the d 3 electron conguration (Fig. 1a) shows that there is a critical ligand eld strength at which the lowestenergetic electronically excited state changes from 4 T 2 to 2 E.
The latter is only weakly distorted relative to the ground state because it derives from the same electron conguration (t 2g 3 ), and consequently nonradiative relaxation is comparatively inefficient and the 2 E state can exhibit lifetimes in the nano-to microsecond regime. Many Cr(III) polypyridine complexes are beyond the 4 T 2 / 2 E crossing point, and their photophysical and photochemical properties were rst explored more than 40 years ago. 1, 2 Early studies demonstrated that this class of compounds does not only exhibit favorable luminescence properties, 3 but that they also have strong oxidizing power in their long-lived excited-states. [4] [5] [6] Cr(0) complexes can be stabilized with p-accepting ligands such as carbonyl or isocyanides. While Cr(CO) 6 and related carbonyls were mostly investigated with respect to photoinduced ligand dissociation reactions, 7 Cr(0) complexes with arylisocyanide ligands seemed promising for obtaining emissive 3 MLCT excited states. [8] [9] [10] [11] In the low-spin d 6 electron conguration, such MLCT states can become the lowest electronically excited states for ligands with accessible empty p* orbitals (Fig. 1b) . Ru(II) polypyridines and cyclometalated Ir(III) complexes are currently the most prominent 3 MLCT emitters with d 6 electron conguration, 12 but early studies already indicated that Cr(0) arylisocyanides have the potential to become earth-abundant alternatives to these precious metals.
8,9
With both Cr(III) and Cr(0) important progress was made in recent years. Efficient near-infrared photoluminescence from Cr(III) complexes in aqueous solution at room temperature became possible due to advanced ligand design, 13 new synthetic approaches gave access to heteroleptic Cr(III) complexes that can be graed onto semiconductors, 14 and Cr(III) complexes were successfully employed for photoredox catalysis of Diels-Alder reactions. [15] [16] [17] Moreover, when incorporated into helical structures along with Er(III), Cr(III) complexes were able to sensitize near-infrared to visible upconversion for the rst time in molecular systems. 18 Chelating diisocyanide ligands proved useful for obtaining a luminescent Cr(0) complex that is an emissive analogue of Fe(bpy) 3 2+ (bpy ¼ 2,2 0 -bipyridine) with a spectacularly long 3 MLCT lifetime compared to all previously known isoelectronic Fe(II) complexes.
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All these recent advances are summarized and discussed in the following sections, and they illustrate the broad current interest in chromium as a key constituent of photoactive metal complexes. , thereby decreasing the activation energy for nonradiative relaxation from , which exhibits a molar absorptivity of 1270 M À1 cm À1 at 491 nm.
Near-infrared Cr(III) luminescence in aqueous solution
Damrauer, Shores, and coworkers noted that their study was the rst on heteroleptic Cr(III) dipyridyl complexes with at least one carboxylate group for eventual attachment to semiconductors.
14 All their studies were performed in presence of 1 M acid, because Cr(III) polypyridine complexes have long been known to hydrolyze in alkaline solution. and it opened the possibility of performing cross-cycloadditions with various other substrates. The combination of electron-rich dienophiles with dienes that are more difficult to oxidize was very successful in this respect, because it allowed the Cr(III) catalysts to discriminate between the two reactants. Cr(L 3 ) 3 3+ was used for this purpose, since its somewhat lower oxidation potential ( Table 2 ) was expected to accentuate selective dienophile oxidation. 15 Electronrich styrenes turned out to be the optimal dienophiles for reaction with isoprene ( Fig. 4b ) or 2,3-dimethyl-1,3-butadiene ( Fig. 4c ), yielding more than 15 different Diels-Alder adducts in good to excellent yields under irradiation with 300-419 nm light in CH 3 NO 2 . Different functional groups (ethers, esters, and sulfonates) were tolerated and high diastereoselectivities were achieved.
Photoredox catalysis with Cr(III)
While early studies had already explored the photooxidizing properties of Cr(III) complexes from a fundamental perspective, 4-6 the study by Shores, Ferreira, and coworkers was the rst to apply Cr(III) complexes as photocatalysts in organic synthesis. 15 This represents the key novelty of their work, but conceptually very similar organic transformations had been performed earlier by photoredox catalysis with Ru(bpz) 3 2+ .
25
Mechanistic aspects of the Cr(III) photoredox catalysis initially remained somewhat unclear, in particular with regard to the role of O 2 , which was found to be a critically important ingredient for the overall reaction.
15
Subsequent investigations revealed that O 2 interferes in two ways in the overall catalysis. 16 On the one hand, it is able to act as an energy acceptor vis-à-vis photoexcited Cr(III) complexes, thereby forming singlet oxygen. On the other hand, oxygen was also found to act as an electron acceptor in the catalytic cycle, but only in its 1 O 2 form. Based on detailed electrochemical and spectroscopic investigations, catalysis studies, electronic structure calculations, and a variety of different control experiments, a mechanism taking into account both the energy transfer and the electron transfer pathway was proposed (Fig. 5) . 16 In this mechanism, photoexcited Cr(III) undergoes competitive reductive quenching by dienophile substrates (1) Fig. 5 ), the hexenyl radical cation (3 + ) reacts with dienophile 1 to product 3 and radical cation 1 + . It was noted that small changes in environmental conditions could allow switching between photocatalytic and radical chain pathways in the chromium systems as well.
16
In further studies, the same authors were able to perform chromium-catalyzed [ conversion of enone 4 to the cycloaddition product 5 in good yield (Fig. 6a) , and this transformation works for several differently substituted chalcone derivatives. 17 Interestingly, the regioselectivity of this cycloaddition is always in favor of the reversed Diels-Alder adduct, opposite to what is commonly observed, and the reaction conditions were tolerant of a variety of functional groups on the diene.
Three different reaction mechanisms were considered theoretically viable, and two of them were identied as signi-cant contributors. In the rst mechanism (pathway A in Fig. 6b) , there is an initial organic photochemical step in which [2 + 2] cycloaddition between the two substrates occurs. The resulting vinylcyclobutane (6) species (E ox ¼ 1.68 V vs. SCE) is oxidized much more readily than 2 and 4, and consequently can undergo single-electron oxidative vinylcyclobutane rearrangement to yield 5 aer photoexcitation of Cr(L 3 ) 3 3+ . In control experiments without Cr catalyst, the vinylcyclobutane 6 was directly observable, conrming that pathway A is indeed viable. Pathway B recognizes that dimerization of enone 4 yields a compound (7) with a relatively low redox potential (E ox ¼ 1.4 V vs. SCE), and aer oxidation of the dimer (7) benecial to the overall reaction progress, but not to the same extent as in the reactions from Fig. 4 initiates the reaction with the a-C-H bonds of amines. The high selectivity for the energy transfer mechanism in this case is very likely due to the thermal inaccessibility of the redox-active 4 T 2 state in this particular complex, and this is in marked contrast to the other Cr(III) polypyridine complexes discussed in this subsection.
Near-infrared to visible upconversion sensitized by Cr(III)
Photon upconversion has long been known to occur in trivalent lanthanide ions doped into solid matrices. 31 Typically, nearinfrared excitation into weakly absorbing f-f transitions leads to the population of long-lived excited states, which serve as energy reservoirs for the subsequent population of higher excited states emitting in the visible spectral range. The energy conservation law demands the absorption of multiple photons for this purpose, usually leading to nonlinear dependences of the upconversion luminescence intensity on excitation density. Since f-f transitions have inherently low oscillator strengths, the overall upconversion efficiency is oen rather limited unless high excitation densities are employed. The use of transition metal sensitizers for upconversion luminescence is an attractive approach to addressing this challenge, 32 but until recently success was somewhat limited, except of course for the special case of triplet-triplet annihilation upconversion which is conceptually different from the processes considered in this section.
33
Building on profound expertise in lanthanide chemistry and helical molecular structures, Piguet in collaboration with Hauser and their coworkers recently took an innovative approach to achieving transition metal sensitized lanthanide upconversion.
18,30
The trimetallic compound in Fig. 7a combines a central Er(III) ion with two anking Cr(a-diimine) 3 3+ complexes in a kinetically inert helical structure made from 3 intertwined ligands (Fig. 7b) . The central lanthanide ion (Ln) is in pseudo-tricapped trigonal prismatic coordination, and at 10 K it luminesces from multiple excited states upon UVexcitation. Following laser irradiation at 750 nm into the 2 E absorption of the Cr(a-diimine) 3 3+ sensitizers with excitation densities between 195 and 690 mW mm
À2
, upconversion luminescence at $540 nm emitted from the Er(III) 4 S 3/2 state was observed at 10 K (Fig. 7c) . 18 This nding is spectacular because it represents the rst observation of near-infrared to visible photon upconversion in an isolated molecular system.
18,30
The Cr(a-diimine) 3 3+ sensitizer is exquisitely suited for this purpose not only because it gives access to a kinetically inert helical structure with Er(III), but also because its various excited states are just at the right energies (Fig. 8) Fig. 8 ). In particular the latter has a long lifetime, and from there the green emissive 4 S 3/2 state can be reached by a so-called energy transfer upconversion process (right part of Fig. 8 ). 34 In structurally related Cr(III)-Er(III) dimers, the upconversion intensity measured under identical excitation conditions as for a Cr(III)-Er(III)-Cr(III) trimer is 4-10 times weaker, illustrating that the sensitizer to activator ratio is an important factor. 35 The observation that the upconversion efficiency enhancement is greater than statistically expected when increasing the number of Cr(III) sensitizers from 1 to 2 (i.e., greater than a factor of 4), might be an indication for an additional upconversion mechanism, in which two excitations are stored on separate Cr(III) sensitizers prior to energy transfer to Er(III). state to Ho(III) is too slow (<100 s À1 ). 35 Thus, so far the combination of Cr(III) and Er(III) is unique in these helical systems. Aside from careful matching of excited state energies between sensitizer and activator, the successful protection of the Er(III) ion from high-energy oscillators in the helical structure is a key factor for upconversion. Without this, the 4 
A Cr(III) nitrito complex for photochemical NO release
Nitric oxide is an intracellular regulator of various physiological processes in the cardiovascular and neurological systems of mammals. Photochemical release of NO would be highly desirable for medical applications since this would permit good temporal and spatial control of NO dosage. 39 This is important because NO seems to be involved in both tumor growth and suppression depending on local concentrations.
In this context, the Ford group explored the water-soluble trans-Cr(cyclam) (ONO) 2 + complex (cyclam ¼ 1,4,8,11-tetraazacycltetradecane) (Fig. 9a) which undergoes reversible photochemical NO release. 38 The initial photochemical step occurs from a spin-ip (doublet) excited state and leads to homolytic dissociation of NO from a coordinated nitrite and a Cr(IV) intermediate (right part of Fig. 9b) . In anaerobic media, this Cr(IV) complex reacts back with NO with a second-order rate constant of 3.06 Â 10 6 M À1 s À1 , but under aerobic conditions
Cr(IV) is oxidized more rapidly to a Cr(V) complex (Fig. 9b) 
. 40 In presence of 5 mM glutathione in pH 7.4 aqueous buffer solution the Cr(IV) intermediate is reduced sufficiently fast to a Cr(III) product, outcompeting the (undesired) thermal back reaction (NO binding). It was noted that this is ideal for applications where nitric oxide needs to be generated in hypoxic, reducing environments that are typical for tumor tissues.
Lactate dehydrogenase assays indicated that the photochemically released NO and other reactive intermediates do not induce acute toxicity. 40 Moreover, it could be demonstrated that low concentrations (3 mM) of the Cr(cyclam)(ONO) 2 + complex are sufficient to induce vasorelaxation of porcine coronary arterial rings. 41 This occurs through activation of the enzyme guanylyl cyclase by NO.
Although the photoactive doublet excited state is at ca. 14 500 cm À1 , the Cr(cyclam)(ONO) 2 + complex absorbs only very weakly throughout the entire visible spectral range. In the NIR, where human tissue is more transparent, it does not absorb at all. 40 Antenna systems were therefore explored for sensitization of NO release. CdSe/ZnS core/shell quantum dots led to a 15-fold enhancement of NO release relative to direct photolysis of aqueous solutions containing only Cr(cyclam)(ONO) 2 + . 39, 42, 43 It was noted that functionalization of the quantum dots with proteins and antibodies could potentially be employed to target specic tissues for NO release. promising earth-abundant alternatives. 3 MLCT luminescence from Mo(0) and W(0) was readily detectable at room temperature, and Cr(0) emission was observed at 77 K.
9 Then, these complexes seemed forgotten for nearly 40 years, until new reports on Mo(0) and W(0) appeared. [45] [46] [47] [48] [49] We were curious whether it would be possible to obtain a Cr(0) complex that luminesces at room temperature in solution, particularly in view of the recent interest in isoelectronic Fe(II) complexes in the greater context of dye-sensitized solar cells.
50-56
A chelating diisocyanide ligand with sterically demanding substituents turned out to be well suited for obtaining a Cr(0) complex with a long-lived 3 MLCT excited state (Fig. 10a) 3 , it is possible that semiconductors other than the commonly used TiO 2 might lead to optimal energy matching between sensitizer LUMO and semiconductor conduction band.
Summary and conclusions
Inorganic photochemistry and photophysics has long focused on complexes made from Ru, Re, Os, Ir, Pt or Au. 12, 44 There has been a long-standing interest in replacing these precious metals by more earth-abundant elements, but in recent years this has become an area of increasing activity. New photoactive metal complexes made from relatively earth-abundant elements have been developed, including for example the Cr(III) and Cr(0) systems discussed herein, but also complexes with Mn, 22 Fe, [50] [51] [52] [53] [54] [55] [59] [60] [61] [62] [63] Cu, [64] [65] [66] Ni, 67 Zr, 68 Mo, 48, 49 or W. [45] [46] [47] 49, 69 In several cases, it has long been known that the respective transition metal species in the right oxidation states equipped with suitable ligands do indeed exhibit very favorable photophysical properties, 3,4,9,70 but the current trend towards performing more sustainable chemistry has led to a revival of sometimes long neglected types of complex classes. Cr(III) polypyridines and Cr(0) arylisocyanides are good examples in this regard, and the new studies discussed above evidently go substantially beyond the early initial investigations. Applications as luminophores, dyes for solar cells, photoredox catalysts, upconversion sensitizers, and photochemical NO sources are either within reach or have now been realized.
Given the current interest in the use of photoactive metal complexes for various applications ranging from synthetic organic chemistry to solar energy conversion, it seems likely that this will trigger new fundamental discoveries in the development of non-traditional metal complexes with long-lived excited states. Creative approaches such as those outlined herein are in demand, making sure that a mature eld such as coordination chemistry remains a key contributor to chemistry at large. 
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